The suitability of gamma irradiation (1, 2 and 5 kGy) for preserving quality parameters of fresh-cut watercress (Nasturtium officinale R. Br.) during storage at 4 ± 1 ºC for 7 d was investigated. The storage time decreased the protein content and the main carbohydrates, and increased the levels of malic and fumaric acids, sucrose and monoand polyunsaturated fatty acids (MUFA and PUFA). The different irradiation doses did not caused any significant colour change. In general, the 2 kGy dose favoured PUFA and was the most suitable to preserve the overall postharvest quality of fresh-cut watercress during cold storage. In turn, the 5 kGy dose better preserved the antioxidant activity and total flavonoids and favoured MUFA, tocopherols and total phenolics, thus originating a final product with enhanced functional properties. Therefore, the suitability of gamma irradiation for preserving fresh-cut watercress quality during cold storage was demonstrated.
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was calculated according to the equation: 4 × (m proteins + m carbohydrates ) + 9 × (m fats ) and expressed as kcal per 100 g of fresh weight (fw).
Free sugars
Free sugars were determined by high performance liquid chromatography (HPLC) coupled to a refraction index (RI) detector as described by Pereira, Barros, Carvalho and Ferreira (2011) . Briefly, lyophilized powdered samples (1 g) were spiked with melezitose (internal standard, 5 mg/mL) and extracted with 40 mL of 80% aqueous ethanol at 80 ºC for 30 min. The mixture was centrifuged at 15,000g (Centurion K24OR-2003 refrigerated centrifuge) for 10 min and the supernatant was concentrated under reduced pressure (rotary evaporator Büchi R-210, Flawil, Switzerland) and defatted with ethyl ether. After concentration at 40 ºC, the residues were dissolved in 5 mL of water and filtered through 0.2 µm nylon filters for subsequent injection. The HPLC equipment consisted of an integrated system with a Smartline system 1000 pump (Knauer, Berlin, Germany), a Smartline Manager 5000 degasser, an AS-2057 autosampler (Jasco, Easton, MD, USA) and a Smartline 2300 RI detector. The chromatographic separation was achieved with a Eurospher 100-5 NH 2 column (4.6 × 250 mm, 5 mm, Knauer) operating at 30 ºC in a 7971 R Grace oven. The mobile phase was acetonitrile/deionized water, 70:30 (v/v) , at a flow rate of 1 mL/min. The compounds were identified by chromatographic comparisons with authentic standards and quantified using the internal standard method. The results were expressed in mg per Organic acids were analyzed by ultra fast liquid chromatography (UFLC) coupled to a photodiode array (PDA) detector according to Pereira, Barros, Carvalho and Ferreira (2013) . Briefly, fresh tissue (9 g) was ground and the grinding paste was subsequently extracted by stirring with 25 mL of meta-phosphoric acid (25 ºC at 150 rpm) for 45 min and subsequently filtered through Whatman No. 4 paper. Before injection, samples were filtered through 0.2 µm nylon filters. The analysis was carried out with a Shimadzu 20A series UFLC (Shimadzu Corporation, Kyoto, Japan). The chromatographic separation was achieved with a SphereClone (Phenomenex, Torrance, CA, USA) reverse phase C 18 column (5 µm, 250 × 4.6 mm i.d) thermostated at 35 °C. The elution was performed with sulphuric acid 3.6 mM at a flow rate of 0.8 mL/min. Detection was carried out in a PDA detector, using 215 and 245 nm (for ascorbic acid) as preferred wavelengths. The organic acids found were quantified by comparison of the area of their peaks with calibration curves obtained from commercial standards of each compound, i.e., oxalic, malic, citric and fumaric acids. The results were expressed in mg per 100 g of fresh weight (fw).
Fatty acids
Fatty acids were analyzed by gas chromatography with flame ionization detection (GC-FID)/capillary column as described previously by Barros, Carvalho, Sá Morais and Ferreira (2010) . Briefly, the fatty acids obtained after Soxhlet extraction were methylated with methanol:sulfuric acid:toluene 2:1:1 (v:v:v) during at least 12 h in a bath at 50 ºC and 160 rpm. Then, deionised water was added to obtain a phase separation and the FAME were recovered with diethyl ether by shaking in vortex. The upper phase was dehydrated with sodium sulfate anhydrous and filtered through 0.2 µm nylon filters for subsequent injection. The analysis was carried out with a DANI model GC 1000 instrument equipped with a split/splitless injector, a FID detector at 260 °C and a Macherey-Nagel column (30 m × 0.32 mmID × 0.25 µm d f ). The oven temperature programme was as described by Pereira et al. (2011) . The identification was made by comparing the relative retention times of FAME peaks from samples with standards. The results were recorded and processed using CSW 1.7 software (DataApex 1.7) and expressed in relative percentage of each fatty acid.
Tocopherols
Tocopherols were determined by HPLC coupled to a fluorescence (FP-2020; Jasco) detector following the procedures previously described by Pereira et al. (2011) . Briefly, lyophilized powdered samples (500 mg) were spiked with a BHT solution (10 mg/mL) and tocol (internal standard, 50 µg/mL) and homogenized with methanol (4 mL) by shaking in vortex (1 min) and then with hexane (4 mL). After that, a saturated NaCl aqueous solution (2 mL) was added, the mixture was homogenized, centrifuged (5 min, 4000g) and the clear upper layer was collected. The extraction was repeated twice with hexane. The obtained extracts were dried under a nitrogen stream, redissolved in 2 mL of n-hexane, dehydrated, and filtered through 0.22 µm disposable LC filters for subsequent injection. The analysis was carried out in the HPLC system described above connected to the FP-2020 detector programmed for excitation at 290 nm and emission at 330 nm. The chromatographic separation was achieved with a Polyamide II normalphase column (250 × 4.6 mm; YMC Waters) operating at 30 °C. The mobile phase was a mixture of n-hexane and ethyl acetate (70:30, v/v) at a flow rate of 1 mL/min. The compounds were identified by chromatographic comparisons with authentic standards and quantified using the internal standard method. The results were expressed in mg per 11 2.5. Antioxidant properties evaluation
General
Watercress extracts were prepared according to procedures previously described by Pereira et al. (2011 and 2015a) . Briefly, a fine dried powder (20 mesh; ~1 g) was stirred (150 rpm) with 50 mL of methanol:water (80:20, v/v) for 1 h at 25 ºC. The supernatant was filtered through Whatman No. 4 paper and the residue was re-extracted with an additional portion of solvent (50 mL). The combined extracts were then evaporated at 35 ºC under reduced pressure, redissolved in the same solvent (final concentration of 5 mg/mL) and successively diluted to different concentrations.
Antioxidant activity
Four in vitro assays were performed to evaluate the hydromethanolic extracts antioxidant activity (Pereira et al., 2011 and 2015b) sample concentration providing 50% of antioxidant activity or 0.5 of absorbance in the reducing power assay. Trolox was used as positive control.
Total phenolics and flavonoids
The total phenolic content was determined by the Folin-Ciocalteu method with slight modifications (Pereira et al., 2011) in the hydromethanolic extracts concentrated at 0.625 mg/mL. This assay is based on the formation of a blue-coloured complex between the molybdenum and tungsten present in the Folin-Ciocalteu reagent upon reaction with reducing agents, which is monitored at 765 nm. The standard curve was calculated using gallic acid and the results were expressed as mg of gallic acid equivalents (GAE)
per g of extract.
The total flavonoid content was determined using the aluminum chloride colorimetric method as described by the authors (Barros et al., 2010) in the extracts concentrated at 1.25 mg/mL. This assay is based on the formation of a complex flavonoid-aluminum, which is monitored at 510 nm. The standard curve was calculated using catechin and the results were expressed as mg of catechin equivalents (CE) per g of extract.
Statistical analysis
Replicates of each treatment were divided into three batches and independently analyzed. All the quality analyses were carried out in triplicates. Data were expressed as mean ± standard deviation. All statistical tests were performed at a 5% significance level using SPSS Statistics software (IBM SPSS Statistics for Windows, Version 22.0.
Armonk, NY: IBM Corp.).
The differences among treatments were analyzed using the one-way analysis of variance (ANOVA). The fulfilment the ANOVA requirements, specifically the normal distribution of the residuals and the homogeneity of variance, was tested by means of the Shapiro Wilk's and the Levene's tests, respectively. All dependent variables were compared using Tukey's honestly significant difference (HSD) or Tamhane's T2 multiple comparison tests, when homoscedasticity was verified or not, respectively.
Furthermore, a linear discriminant analysis (LDA) was used to evaluate the effect of gamma irradiation on the overall postharvest quality of watercress during cold storage.
A stepwise technique, using the Wilks' λ method with the usual probabilities of F (3.84 to enter and 2.71 to remove), was applied for variable selection. This procedure uses a combination of forward selection and backward elimination processes, where the inclusion of a new variable is preceded by ensuring that all variables selected previously remain significant. With this approach, it is possible to determine which of the independent variables account most for the differences in the average score profiles of the different treatments. To verify the significance of canonical discriminant functions, the Wilks' λ test was applied. A leaving-one-out cross-validation procedure was carried out to assess the model performance.
Results and discussion
The suitability of the irradiation treatment for preserving postharvest quality parameters depends on the applied dose and plant material under investigation (Trigo et al., 2009 ).
During irradiation process, free radicals and reactive species are generated due to the radiolysis of water, which are capable of breaking chemical bonds and modify various biomolecules (Fanaro, Hassimotto, Bastos, & Villavicencio, 2015) . Besides, fresh-cut vegetables are still living organisms composed by a wide range of bioactive compounds able to interact and protect the plant tissues from adverse postharvest conditions. In addition, hormetic effects can also be induced by ionizing radiation (Shama & Alderson, 2005) . Therefore, nonlinear dose-response effects of the irradiation treatment on the evaluated quality parameters can be expected during shelf-life.
Effects on colour, TSS and pH
Colour plays a key role in food acceptability and is more important than flavour or texture in the initial food-selection process. Therefore, colour loss is one of the major external postharvest problems. Based on the one-way ANOVA p-values it was possible to conclude that the treatment induced significant changes on the L* and b* colour values, but had no effect on greenness (a* value) ( Table 1 The TSS content and pH also allow the indirect evaluation of changes in sensory attributes (i.e., flavour) that have significant influence in the consumers' evaluation of the product (Barrett, Beaulieu, & Shewfelt, 2010) . The TSS content decreased in nonirradiated samples and in those irradiated at 5 kGy ( Table 1 ). The consumption of the sugars included in the TSS fraction during storage by the plant metabolic processes may justify this reduction (Dey & Harborne, 1997). The 2 kGy dose preserved the initial TSS content, which was increased with the 1 kGy dose. Curiously, the last samples also revealed the sharpest increase of total organic acids (which will be discussed below). As it is known, TSS include mainly soluble sugars but also small amounts of organic acids.
In turn, the initial pH values were only maintained in samples irradiated at 5 kGy.
Nevertheless, these values were always higher than 5.34. The evolution of these physicochemical parameters during storage may affect the sensorial properties of watercress, especially the sweetness and sourness sensation (Barrett et al., 2010) .
However, sensory analysis with a trained panel will be interesting to evaluate the samples acceptance.
Effects on the proximate composition
The nutritional composition of fresh and irradiated samples of watercress is presented in Table 2 . From the one-way ANOVA p-values, it can be concluded that the treatment induced significant changes in all macronutrients, except for fat content. In general, the storage time decreased the protein and carbohydrates content and, consequently, the 
Effects on sugars and organic acids
The individual sugars and organic acid profiles are presented in Table 2 . As it can be concluded from the one-way ANOVA p-values, the different irradiation doses induced significant changes in these hydrophilic compounds. In fresh samples, fructose was the most abundant sugar, followed by glucose and sucrose. The storage time decreased the amounts of fructose, glucose and total sugars, but increased the sucrose levels. This increase in sucrose was more marked in samples irradiated at 5 kGy, which also showed the lowest levels of fructose. The 2 kGy dose was suitable to preserve high levels of fructose, glucose and total sugars, samples that revealed comparable amounts of fructose, sucrose and total sugars to those irradiated at 1 kGy. The observed decrease of fructose and glucose (reducing sugars) levels during storage can be attributed to the plant metabolic activity, which is higher in wounded tissues (Uritani & Asahi, 1980) . However, it is also known that irradiation may decrease the melting point and optical rotation of sugars, or even cause its degradation due to the direct action of gamma-rays and interaction with radiolytic products (Molins, 2001 Oxalic, malic, citric and fumaric acids were detected ( Table 2) , being oxalic acid the most abundant. The cold storage decreased the amounts of oxalic (except for the 1 kGy dose) and citric acids, and increased the levels of malic, fumaric and total organic acids.
The different irradiation doses favoured different organic acids: the highest values of oxalic, malic and fumaric acids were registered in samples irradiated at 1, 2 and 5 kGy, respectively. Regarding citric acid, a dose dependent effect was observed, i.e., increasing the irradiation dose decreases the content in citric acid. This decrease may be attributed to the direct impact of gamma-rays or to the reaction with reactive intermediates of water radiolysis. The radiolytic decomposition of this organic acid in aqueous solutions was shown to increase steadily with the absorbed dose (Semelová, Čuba, John, & Múčka, 2008). In our study, this trend was also verified for total organic acids. Moreover, malic acid may result from the radiolysis of citric acid (Apelblat, 2014) . Curiously, the ascorbic acid was not detected in these samples or in those previously analyzed by Pereira et al. (2013) .
Effects on fatty acids and tocopherols
Lipids are one of the main targets of the attack of the free radicals generated during radiolysis. This attack is called lipid peroxidation and promotes the production of different reactive species (Ferreira et al., 2009 ). If not stopped by the plant antioxidants defences, this phenomenon can lead to much superior damage than the reactive species that initiate the reaction. Therefore, detailed analysis of fatty acids is important in irradiated foods. The results for the fatty acids composition, total saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA), and the ratios of PUFA/SFA and n-6/n-3 are shown in Table 3 . Up to 23 fatty acids were Fresh samples revealed higher levels of SFA (~57%) than the sum of MUFA (~1%) and PUFA (~42%). Generally, the storage time induced positive effects increasing the levels of MUFA and PUFA and the PUFA/SFA ratio, and decreasing the levels of SFA and the n-6/n-3 ratio. Regarding the effects of gamma irradiation, the 5 kGy dose favoured MUFA (e.g., C16:1, oleic acid (C18:1n9) and C24:1), while the 2 kGy dose was especially effective in favouring PUFA (e.g., C18:3n3 and eicosapentaenoic acid (C20:5n3)) and the PUFA/SFA ratio. In either case, the irradiation treatment allowed obtaining watercress samples with a healthier fatty acids profile. According to some studies, a lower ratio of n-6/n-3 fatty acids is desirable in reducing the risk of many of the chronic diseases of high prevalence in Western societies, as well as in the developing countries (Simopoulos, 2008) .
Concerning the tocopherols profile, α-tocopherol was the most abundant isoform, followed by γ-tocopherol and β-tocopherol, in accordance with the results previously reported by Pereira et al. (2011) . The most relevant result was the effect achieved with the 5 kGy dose, particularly owing the contributions of α-, γ-tocopherols and the total tocopherols content. The storage time also increased the total tocopherols content in non-irradiated samples, mainly due to the contribution of α-and β-tocopherols. It is known that tocopherols levels can increase in response to stress conditions (Munné-Bosch, 2005; Yusuf et al., 2010) . In these situations, the production of free radicals and reactive species, stimulated in wounded tissues and resulting from the radiolysis of water, can lead to oxidative damage. The high levels of tocopherols enhance the oxidative stability of tissues owing to its ability to protect polyunsaturated fatty acids from peroxidation and to scavenge free radicals. Additionally, α-tocopherol plays a major role in the alleviation of stress (Munné-Bosch, 2005) . Therefore, the tocopherols increase verified in this work can be related to the inaptness of some of the applied doses in conferring suitable preservation conditions to the samples during storage.
Nevertheless, the observed increase confers a higher bioactivity. The observed phenomenon can also be attributed to a hormetic effect induced by the applied doses, which promote beneficial effects through mild stress (Shama & Alderson, 2005) .
Effects on the antioxidant activity and total phenolics and flavonoids
The antioxidant capacity of vegetables is conferred by high levels of phenolic compounds, and also of vitamin C (ascorbic acid), vitamin E (tocopherols), and carotenoids, among other compounds (Carocho & Ferreira, 2013) . The results for the antioxidant properties and total phenolics and flavonoids are presented in Table 4 .
Again, the one-way ANOVA p-values validated the statistically significant differences among irradiated samples. Fresh samples, analyzed immediately after harvest, revealed the lowest EC 50 values (higher antioxidant activity) for the three in vitro assays of DPPH • scavenging activity, reducing power and β-carotene blanching inhibition capacity. The decline in antioxidant activity during storage could probably be due to the degradation of antioxidants as a result of oxidation. It is quite clear that the 5 kGy allowed the best results (except for TBARS formation inhibition) in maintaining the antioxidant activity, as well as in the total phenolics and flavonoids, measured in fresh samples. Note that these samples have demonstrated the highest levels of α-and γ-tocopherols and the total tocopherols content, which are antioxidants capable to donate phenolic hydrogen and, therefore, halt the oxidative chain reaction. Moreover, differences among the results achieved with the applied assays could be related to the dissimilar mechanisms of action involved, e.g., the β-carotene blanching inhibition assay is based on a lipophilic reaction; in the DPPH • scavenging assay both electron and hydrogen atom transfer mechanisms are possible, while the reducing power assay evaluates the ability of an antioxidant to donate an electron (Carocho & Ferreira, 2013) .
Overall, the total phenolic content was higher after the 7 d of cold storage, while flavonoids decreased under the same conditions. Similar amounts of phenolics (96-97 mg GAE/g extract) and higher levels of flavonoids (62-63 mg CE/g extract) were
reported by Yazdanparast, Bahramikia and Ardestani (2008) and Bahramikia and Yazdanparast (2010) in hydro-ethanolic extracts of watercress samples from Iran. These samples also revealed a comparable TBARS inhibition capacity (0.27 mg/mL). In contrast, Pereira et al. (2011) described lower values for phenolics (~50.42 mg GAE/g extract) but a similar content in flavonoids (~35.17 mg CE/g extract) in methanolic extracts, comparing to our fresh samples and those irradiated at 5 kGy.
The production of phenolic compounds during storage can be stimulated by the wounding-induced stress caused on the watercress tissues, which is a plant defence mechanism to withstand the stress conditions (Heredia & Cisneros-Zevallos, 2009; Pérez-Gregorio, García-Falcón, Simal-Gándara, 2011) . Besides, and as mentioned above, the free radicals and reactive species generated during the irradiation process may act as stress signals and may trigger stress responses in vegetables, resulting in increased antioxidant synthesis (e.g., tocopherols), which enforces the hormesis effect idea. Vaishnav et al. (2015) observed that irradiated samples of minimally processed cauliflower preserved the total phenolic content over the course of storage, while the non-irradiated samples suffered a reduction of these compounds. The same authors also observed a no significant change in the flavonoid content due to radiation processing;
however, as verified in our study, a time dependent reduction was observed during storage. In other work conducted by Tripathi et al. (2013) it was found an increase in the total phenolic content of irradiated minimally processed ash gourd cubes, compared to the non-irradiated control samples, at all stages of storage. The increase in total phenolics of irradiated plants has also been attributed to depolymerisation and dissolution of the cell wall polysaccharides, which facilitates higher extractability (Bhat, Sridhar, Tomita, & Tomita-Yokotanib, 2007 ).
Overall effect on quality
The effects of gamma irradiation on the overall quality of fresh-cut watercress during cold storage were accessed through a LDA. The basic purpose of this discriminant analysis was finding the irradiation dose (categorical dependent variable) that maintained quality profiles (set of quantitative independent variables) of the fresh samples throughout the cold storage time. The significant independent variables were selected following the stepwise method of the LDA, according to the Wilks' λ test. Only variables with a statistically significant classification performance (p < 0.05) were kept in the analysis.
The discriminant model selected 4 significant functions, which included 100.0% of the observed variance. as endive, chicory, lettuce, arugula, spinach and cabbage. Nevertheless, the result obtained in this study for the 5 kGy dose, which gave a high antioxidant activity and detachable levels of C18:1n3, C18:3n3 and total tocopherols, should also be considered when aiming to obtain a final product with an enhanced health-promoting composition.
Conclusions
The colour parameters were not affected by the applied irradiation doses. The storage time decreased the amounts of proteins, carbohydrates, fructose and glucose.
Contrariwise, the contents of malic and fumaric acids, MUFA, PUFA and total phenolics were higher past 7 d of cold storage. The 2 kGy dose preserved high levels of reducing sugars and favoured PUFA; while samples irradiated at 5 kGy revealed high contents of sucrose and MUFA. In either case, watercress samples with a healthier fatty acids profile were obtained. Concerning tocopherols, the most relevant result was achieved with the 5 kGy dose, particularly owing the contributions of α-(the major isoform) and γ-tocopherols. This dose better preserved the antioxidant activity and total flavonoids. Overall, samples irradiated at 2 kGy were those with the most similar quality profiles to the non-stored control samples. In further studies, the effects of gamma irradiation on physiological and other quality parameters of fresh-cut watercress during cold storage, as well as the combination with other preservation technologies will be interesting. Table 3 . Combined effects of gamma irradiation and cold storage on fatty acids (relative percentage) and tocopherols (mg/100 g fw) composition of fresh-cut watercress samples. Table 4 . Combined effects of gamma irradiation and cold storage on the antioxidant activity (EC 50 values, mg/mL) and total phenolics (mg GAE/g extract) and flavonoids (mg CE/g extract) of fresh-cut watercress samples.
